Stallion sperm rely primarily on oxidative phosphorylation for production of ATP used in sperm motility and metabolism. The objective of the study was to identify which substrates included in Biggers, Whitten, and Whittingham (BWW) media are key to optimal mitochondrial function through measurements of sperm motility parameters, mitochondrial oxygen consumption, and cellular reactive oxygen species (ROS) production. It was expected that mitochondrial substrates, pyruvate and lactate, would support sperm motility and mitochondrial function better than the glycolytic substrate, glucose, due to direct utilization within the mitochondria. Measurements were performed after incubation in modified BWW media with varying concentrations of lactate, pyruvate, and glucose. The effects of media and duration of incubation on sperm motility, ROS production, and oxygen consumption were determined using a linear mixed-effects model. Duplicate ejaculates from four stallions were used in three separate experiments to determine the effects of substrate availability and concentration on sperm motility and mitochondrial function and the relationship of oxygen consumption with cellular ROS production. The present results indicate that lactate and pyruvate are the most important sources of energy for stallion sperm motility and velocity, and elicit a dosedependent response. Additionally, lactate and pyruvate are ideal for maximal mitochondrial function, as sperm in these media operate at a very high level of their bioenergetic capability due to the high rate of energy metabolism. Moreover, we found that addition of glucose to the media is not necessary for short-term storage of equine sperm, and may even result in reduction of mitochondrial function. Finally, we have confirmed that ROS production can be the result of mitochondrial dysfunction as well as intense mitochondrial activity.
INTRODUCTION
ATP is required for sperm motility, hyperactivation, capacitation, acrosome reaction, and thus, subsequent fertilization [1] [2] [3] . Recent evidence suggests that equine sperm rely almost entirely on mitochondrial oxidative phosphorylation (OXPHOS) for the production of ATP, which is utilized for motility and other sperm functions [4] [5] [6] . Sperm media for storage and cryopreservation should be formulated with these specific energy requirements in mind, as it appears that there must be a delicate balance of mitochondrial inputs in order to achieve optimal mitochondrial function.
In the process of cellular respiration, mitochondria are responsible for the vast majority of oxygen utilization by the cell [7] . Oxygen is reduced to water at complex IV of the electron transport chain (ETC), and protons are subsequently pumped out of the inner mitochondrial matrix, contributing to the proton-motive force that drives ATP production through ATP-synthase [8] . Measurement of oxygen consumption is a sensitive and dependable indicator of mitochondrial health, and has been positively correlated with sperm motility in humans and stallions [9] [10] [11] .
Because equine sperm rely heavily on OXPHOS, it is crucial to provide sperm with the necessary substrates for energy metabolism at a concentration that best supports mitochondrial efficiency in all storage conditions. Inadequate metabolizable substrates can lead to mitochondrial dysfunction resulting in decreased motility and increased production of reactive oxygen species (ROS) leading to oxidative cell injury [12] [13] [14] [15] . Most notably, oxidative stress can lead to lipid peroxidation, loss of sperm motility, loss of mitochondrial membrane potential, and disruption of electron transport, oxidative DNA damage, as well as caspase activation, all leading to the intrinsic apoptotic pathway [16, 17] . In contrast, mild oxidative stress has a positive impact on sperm functions necessary for fertilization, such as capacitation and hyperactivation [1, 18] . ROS promote capacitation by redox regulation of tyrosine phosphorylation, and may also have a significant positive impact on the ability of sperm to bind the zona pellucida, although the exact mechanisms of this phenomenon have yet to be defined [18] . Recent reports have also indicated that increased ROS production is associated with the most motile and fertile stallion sperm, and can be used as a biomarker of increased mitochondrial activity [4, 19] .
The objective of this study was to identify which substrates and substrate doses are key to optimal mitochondrial function through measurements of sperm motility parameters, mitochondrial oxygen consumption (MITOX), and cellular ROS production. It was expected that mitochondrial substrates, pyruvate and lactate, would support sperm motility and mitochondrial function better than the glycolytic substrate, glucose, which requires processing through glycolysis prior to being made available as pyruvate in the mitochondria. We also confirm that ROS in stallion sperm can act both as an indicator of mitochondrial dysfunction as well as an indicator of intense mitochondrial activity, and that a balance is required for maintaining optimal sperm mitochondrial efficiency.
MATERIALS AND METHODS

Chemicals and Media
All reagents were purchased from Sigma-Aldrich unless otherwise stated. The media for this experiment was formulated from a modified Biggers , the glucose, sodium pyruvate, and lactic acid syrup were removed, and osmolality was balanced with addition of NaCl. The 5.5 mM glucose (5.5 GLC), 5.5 mM pyruvate (5.5 PYR), and 5.5 mM lactate (5.5 LAC) media were each made with the base BWW salts, excluding the other metabolites, and osmotically balanced using NaCl. The 67 mM glucose (67 GLC) medium was formulated with a lower NaCl base solution (59.08 mM NaCl) to allow for balancing of osmolality. This treatment was incorporated in the experiment to mimic the concentration of glucose in a commercially available semen extender. For Experiment 3, lactate and pyruvate media were made with the base BWW salts, and osmolality was adjusted accordingly to yield media with 0.25, 5.5, and 19.8 LAC and PYR. All media had pH adjusted to 7.4 and osmolality of 300 6 5 mOsm/kg.
Semen Collection and Processing
Stallions were maintained on a diet of mixed grass hay and grain, with fresh water ad libitum and daily exercise according to Institutional Animal Care and Use Committee protocols at the University of California and Texas A&M University. Ejaculates for this study were collected in duplicate from eight sexually active light-breed stallions using an artificial vagina (Missouri model; Nasco, Ft. Atkinson, WI; Colorado model; Animal Reproduction Systems, Chino, CA). An inline nylon micromesh filter (Animal Reproduction Systems) was used to remove the gel fraction of the ejaculate. Immediately after collection, sperm were stored at 378C until processing. Sperm concentration was estimated using a NucleoCounter SP-100 (ChemoMetec A/S). Initial motility was determined in a prewarmed INRA 96 (IMV Technologies) utilizing computer-assisted sperm analysis (CASA; IVOS version 12.2 L; Hamilton Thorne Biosciences). An aliquot of raw semen was immediately placed at À808C for later determination of sperm chromatin structure as a qualitative measure of each ejaculate. A sample for sperm morphology analysis was also aliquoted and suspended in buffered formalin saline. Sperm (400 million) from each ejaculate were washed in each of the media treatments. Briefly, neat semen was added to its respective medium at a ratio of at least 1:4 in a 15-ml conical-bottom tube. A sperm cushion (30 ll; SemSep Equine Cushion Fluid; MOFA) was dispensed in the bottom of the tube and centrifuged at 500 3 g for 10 min. The supernatant was aspirated and the sperm pellet was resuspended in the respective modified BWW media. Concentration was again estimated with the NucleoCounter SP-100 for each treatment, and parameter measurements were taken according to the experimental design.
CASA Motility
Motility was evaluated for each modified BWW media at a concentration of 20 3 10 6 sperm/ml initially and after 60 min of incubation at 378C with CASA. Semen (6 ll) was loaded into a prewarmed counting chamber (Leja 20-lm, two-chamber slide; Leja Products B.V.) and a minimum of 10 fields and 500 sperm were analyzed per sample. The preset values for the IVOS system at Texas A&M University were as follows: frames acquired, 45; frame rate, 60
Hz; minimum contrast, 70; minimum cell size, 4 pixels; minimum static contrast, 30; straightness threshold for progressive motility, 50; average path velocity threshold for progressive motility, 30; average path velocity threshold for static cells, 15; cell intensity, 106; static head size, 0.60-2.00; static head intensity, 0.20-2.01; static elongation, 40-85; and light-emitting diode illumination intensity, 2200. Experimental endpoints included total motility, progressive motility, and average path velocity. At University of California (UC) Davis, an HTM Ceros system was used to determine sperm motility (Version 12.2 g; Hamilton Thorne Biosciences), and settings were set to match those used at Texas A&M University.
Sperm Membrane Integrity
Sperm membrane integrity or ''viability'' was determined for each sample initially and after 60 min of incubation in all studies. In Experiment 1, membrane integrity was determined with the NucleoCounter SP-100 following the manufacturer's instructions [20] . Briefly, a 10-ll aliquot of sperm was diluted with 1 ml of PBS, mixed thoroughly and loaded into a cassette containing propidium iodide (PI). The instrument reported the total percent of viable cells [21] . For Experiment 2, viability was determined by flow cytometry with a LIVE/DEAD Sperm Viability Kit (Life Technologies) consisting of PI (5 lM) and SYBR-14 (0.1 lM). PI is a DNA-specific fluorescent stain that penetrates nonintact plasma membranes, and SYBR-14 is a membranepermeant DNA stain, penetrating intact membranes [21] . All data were acquired and analyzed using Cell Quest Pro software (Becton Dickinson) with a total of 10 000 events collected per sample. For Experiment 3, viability was determined in concurrence with the measurement of ROS production. The percentage of Sytox Green-negative cells was determined as the membraneintact population, as Sytox Green only penetrates cells with nonintact plasma membranes (Molecular Probes) [22] .
ROS Production
Cellular ROS production was monitored by measuring sperm superoxide anion (O 2 .À ) production and was assessed using dihydroethidium (DHE; Molecular Probes) and flow cytometry. SytoxGreen (Molecular Probes), which is impermeant to cells with uncompromised membranes, was used to gate DHE in order to report superoxide production only in viable sperm [22] . Briefly, 1-ml aliquots of 50 3 10 6 /ml sperm were incubated with 2 lM DHE and 0.1 lM SytoxGreen for 15 min at room temperature in the dark. Positive controls were treated with 1 lM antimycin and used for gating purposes. Samples were then diluted to 1 3 10 6 sperm/ml in DPBS prior to flow cytometric analysis for a flow rate of ;400 events/sec. All flow cytometric analyses were performed with a FACScan flow cytometer (Becton Dickinson) equipped with a 488-nm excitation laser. All data were acquired and analyzed using Cell Quest Pro software (Becton Dickinson) with a total of 10 000 events collected per sample.
Sperm Chromatin Structure Assay
The sperm chromatin structure assay (SCSA) was performed as previously described [23] [24] [25] [26] . Briefly, semen samples were immediately aliquoted after collection and placed in a À808C freezer until analysis. The sperm samples were thawed in a 358C water bath. A 10-ll aliquot of semen was diluted to 200 ll in a buffer solution (0.19 g disodium EDTA, 0.79 g Tris-HCl, 4.380 g NaCl in 500 ml deionized water, pH 7.4). This was mixed with 400 ll of aciddetergent solution (2.19 g NaCl, 1.0 ml of 2N HCI solution, 0.25-ml Triton X-100, quantity sufficient to 250 ml with deionized water). After 30 sec, 1.2 ml of the acridine orange solution was added (3.89 g citric acid monohydrate, 8.94 g Na 2 HPO 4 , 4.39 g NaCl, 0.17 g disodium EDTA, 4 lg/ml acridine orange stock solution [1 mg/ml], quantity sufficient to 500 ml with deionized water, pH 6.0). All flow cytometry data were acquired in list mode and analyzed using the WinList software (Verity Software House), as previously described [24] . Percentage COMP a t is reported, and represents the cells outside the main population that are more susceptible to DNA denaturation following acidic stress [27] .
Sperm Morphology
Aliquots from each ejaculate were fixed in buffered formol saline for determination of sperm morphology using differential interference contrast microscopy under 15633 magnification (Olympus BX-60; Olympus America Inc.). Parameters of measure included: normal; abnormal heads; abnormal acrosomes; tailless heads; proximal droplets; distal droplets; abnormal midpieces; bent midpieces; bent tails; coiled tails; and premature germ cells. Values are reported as percentages.
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Mitochondrial Oxygen Consumption
These experiments utilized the high-throughput BD Oxygen Biosensor System (BD Biosciences) that incorporates an oxygen-sensitive, rutheniumbased fluorophore (tris 4,7-diphenyl-1,10-phenanthroline ruthenium [II] chloride, or Ru [DPP] 3 Cl 2 ) into a silicone rubber matrix at the bottom of each well of a 384-well microplate. The rubber matrix forms an oxygenpermeable barrier while keeping the sensor from directly contacting the cells. As the cells respire, oxygen is transferred from the matrix to the media, and the amount of oxygen that diffuses is linearly related to the amount of fluorescence produced by the probe reaction [28] . All data were obtained with a Synergy H1 Multi-Mode Reader (BioTek) at Texas A&M University and a Polar Star Omega plate reader (BMG Labtech, Germany) at UC Davis. The monochromator system was set at 485 nm excitation and 590 nm emission, and all measurements were recorded at 378C using the bottom plate reading configuration.
Previously washed sperm were diluted to a concentration of 200 3 10 6 sperm/ml. Media blank measurements were taken prior to addition of sperm at a final concentration of 100 3 10 6 sperm/ml in 90 ll. Measurement at time (T) 0 was recorded and plates were then placed in an incubator (378C, 5% CO 2 ) for 30 min. After incubation, oxygen consumption was measured and treatments were added to the wells according to the experimental design. Maximal oxygen consumption was determined with the proton ionophore, carbonilcyanide ptriflouromethoxyphenylhydrazone (FCCP; 1 lM), a mitochondrial uncoupler. Antimycin A (1 lM), an inhibitor of complex III of the ETC, was used to determine nonmitochondrial respiration, confirming that observations were mitochondrial in origin. Treatment with oligomycin (1 lM) was added to allow for determination of the oligomycin-inhibitable oxygen consumption rate component, which signifies that the mitochondrial inner membrane integrity is intact and occurrence of proton leakage across the membrane is low. For drug treatments, stock solutions were prepared in dimethyl sulfoxide (0.1% v/v) then added to the wells to give the indicated final concentrations (10 ll). For measurement of basal oxygen consumption, 10 ll of media was added to bring wells up to volume. Measurements were continued every 10 min until 60 min (T40, T50, T60) with a final measurement taken at T90. The plates were placed in the incubator between measurements to avoid decreases in oxygen consumption due to cooling [28] . Sodium sulfite was used as a positive control in each plate, since it eliminates all molecular oxygen from the media. With sodium sulfite (100 mM), the fluorescent signal was increased to ;40 000 relative fluorescent units (RFUs), defining the maximum possible response and confirming the oxygen dependency of the assay [29] .
Data Processing and Statistical Analysis
Oxygen consumption data obtained from the plate assay were subjected to a three-step normalization. First, raw RFUs for each well were divided by the initial blank reading from each well. This was to account for real or instrumentperceived variations in the fluorophore concentration [28, 29] . Second, the values from the first normalization were adjusted to the average values of the media wells without sperm (ambient controls) for each time point. This normalization was to account for any differences in intensity between time points due to instrument-associated drift [28, 29] . Lastly, the normalized RFU value was divided by the percent viability multiplied by the number of sperm per well to get normalized RFUs per 1 million viable sperm.
The effects of media and time on sperm motility, ROS production, viability, and oxygen consumption were determined using a linear mixed-effects model with the nlme package in R statistical software [30] . In the model, stallion was used as a random effect to account for the well-documented interstallion variability, based on the assumption that these stallions are a representative sample from the larger population. Percentage data were transformed with the arcsin of the square root. Model fit was assessed visually with a normal probability plot. Differences between media treatments were compared with Tukey multiple comparison analysis in the multcomp package [31] . Data are presented as untransformed mean 6 SEM, and the minimum significance level was P , 0.05 in all experiments.
Experimental Design Experiment 1: relationship between substrate availability and mitochondrial function. To determine the effects of the different metabolic substrates on sperm metabolism and motility, duplicate ejaculates were obtained from four sexually active light-breed stallions at Texas A&M University (n ¼ 4). Ejaculates were incubated in six different media containing differing concentrations of key substrates based on a modified BWW media. Media included BWW þþþ , BWW ÀÀÀ , 67 GLC, 5.5 GLC, 5.5 PYR, and 5.5 LAC. Experimental endpoints included CASA motility, viability, and oxygen consumption. For this experiment, maximal oxygen consumption was determined with FCCP (1 lM), and antimycin A (1 lM) was used to determine nonmitochondrial respiration, confirming that observations were mitochondrial in origin. It was desired to determine which of the three substrates found in BWW media-glucose, pyruvate, or lactate-was most important for optimal sperm function. Additionally, we wanted to determine if increasing the glucose concentration of BWW to the levels found in commonly available semen extenders had an effect on sperm function. Experiment 2: relationship between ROS production and substrate availability. To determine the relationship between ROS production and substrate availability, duplicate ejaculates were obtained from sexually active light-breed stallions at UC Davis (n ¼ 4) and incubated in the same modified BWW media as presented in experiment 1. Experimental endpoints included ROS production, CASA motility, and viability. In this experiment, we aimed to determine if the substrate concentration in the media, which indicates the metabolic pathway being utilized, was related to the amount of superoxide anion being produced.
Experiment 3: dose effect of lactate and pyruvate. To confirm that the increased basal and maximal oxygen consumption levels associated with media containing 5.5 PYR and 5.5 LAC were due to highly active mitochondria and not mitochondrial uncoupling or membrane damage, and to determine if there is a dose response with lactate and pyruvate, duplicate ejaculates were obtained from sexually active light-breed stallions at UC Davis (n ¼ 4). Spermatozoa were incubated in media containing different concentrations of lactate or pyruvate: 0.25 mM lactate, 0.25 mM pyruvate, 5.5 LAC, 5.5 PYR, 19.8 LAC, and 19.8 mM PYR. In this experiment, we included treatment with 1 lM oligomycin and 1 lM FCCP. FCCP (1 lM) was also added to wells treated with oligomycin at T60, which allowed us to determine if the electron transport system integrity was compromised. Experimental endpoints also included CASA motility, ROS production, and viability.
RESULTS
Stallions
Motility, morphology, and SCSA were recorded for each ejaculate of each stallion in the study to characterize the semen of the stallions that were subjected to experimentation (Table  1) . There were significant differences between stallions for motility, normal morphology, and SCSA (P , 0.05). Stallions that had lower average motility were associated with an increase in COMP a t, illustrating lower-quality ejaculates, but that were still within normal ranges.
Experiment 1: Relationship Between Substrate Availability and Mitochondrial Function
Motility and viability were measured initially and after 60 min of incubation at 378C. There were no significant changes with incubation time for total motility, progressive motility, and viability. Average path velocity decreased over the 60-min incubation (P ¼ 0.048; data not shown). Sperm motility data are presented as mean 6 SEM, and the minimum significance level was P , 0.05 in all cases (Fig. 1) . Only the data after 60 min of incubation are presented. Total sperm motility was highest in 5.5 LAC media compared to 5.5 GLC and 5.5 PYR (81 6 5% vs. 61 6 4% and 68 6 9%, respectively; P , 0.05). Progressive motility was significantly higher in 5.5 LAC compared to 5.5 PYR, with 5.5 GLC being similar to both treatments (48 6 6% vs. 32 6 8% and 28 6 4%; P , 0.05). Average path velocity was higher in 5.5 LAC and 5.5 PYR compared to 5.5 GLC (93 6 5 and 78 6 17 vs. 40 6 4 lm/ sec; P , 0.05). No significant differences in plasma membrane integrity/viability were observed among these media.
Values for total motility and progressive motility were similar between 67 GLC media and BWW þþþ (82 6 5% vs. 79 6 6%, respectively, for total motility, and 43 6 6% vs. 41 6 5%, respectively, for progressive motility; P . 0.05). Velocity also did not differ significantly for sperm in 67 GLC and BWW þþþ (105 6 6 lm/sec vs. 114 6 6 lm/sec, respectively). BWW ÀÀÀ media were not able to maintain high levels of sperm total motility, progressive motility, or average LACTATE AND PYRUVATE SUPPORT SPERM FUNCTION path velocity (Fig. 1) . Sperm in BWW ÀÀÀ had a higher percentage of plasma membrane-intact sperm than sperm in BWW þþþ , 67 GLC, and 5.5 LAC media (P , 0.05). MITOX was measured in all samples over a period of 90 min. Sperm in all media showed increasing oxygen consumption levels with time, with sperm in BWW ÀÀÀ being the exception, as there was practically no measureable oxygen consumption present (Fig. 2) . The shape of the curve was sigmoidal, with the highest rates of oxygen consumption occurring between 30 and 60 min, as observed by the steep slopes between these time points. FCCP treatment stimulated maximal oxygen consumption over the basal level. Antimycin inhibited MITOX quickly after addition, confirming that MITOX measurements were mitochondrial and not cellular. Differences among media treatments were compared after 60 min of incubation prior to signal saturation (Fig. 3) . 
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Basal oxygen consumption was highest for sperm in the 5.5 LAC and 5.5 PYR media compared to 5.5 GLC (P , 0.05). Additionally, maximal oxygen consumption with FCCP treatment was highest in 5.5 LAC and 5.5 PYR compared to 5.5 GLC (P , 0.05). Basal and maximal oxygen consumption levels did not differ significantly between BWW þþþ and 67 GLC, although mean values for 67 GLC were slightly lower.
Experiment 2: Relationship Between ROS Production and Substrate Availability
Similar trends in motility data were observed for the stallions sampled at UC Davis (Supplemental Fig. S1 ; all Supplemental Data available online at www.biolreprod.org). All motility parameters decreased with incubation (P , 0.05). Viability was not significantly affected by incubation time or media composition. Average ROS levels tended to be higher in 5.5 LAC and 5.5 PYR compared to 5.5 GLC, but this difference was not significant (37 6 5% and 34 6 11% vs. 22 6 3%, respectively; Fig. 4) . ROS production was lowest in 67 GLC and BWW þþþ (10 6 4% and 8 6 3%, respectively; P , 0.05). The highest ROS levels were observed for BWW ÀÀÀ (92 6 2%; P , 0.05).
Experiment 3: Dose Response of Lactate and Pyruvate
Sperm motility and viability parameters were measured initially and after 60 min of incubation at 378C. As expected, there was a significant decrease with incubation time for total motility, progressive motility, and average path velocity (P , 0.05). Viability was not significantly affected by incubation time or media composition. Data presented are from after 60 min of incubation. Motility parameters followed a dosedependent trend based on substrate availability (Fig. 5) . The lowest total motility was for sperm in 0.25 LAC (25 6 7%), with 5.5 LAC and 19.8 LAC having higher motility (44 6 6% and 49 6 4%, respectively; P , 0.05). Sperm in 0.25 PYR tended to have the lowest total motility (32 6 6%), but it was not significantly different from sperm in 5.5 PYR and 19.8 PYR (44 6 7% and 52 6 4%, respectively). Progressive motility was not significantly different between all media, with the exception of 0.25 LAC, which had the lowest progressive motility (7 6 4%; P , 0.05). Overall, the data showed a trend 
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for increasing motility values as concentrations of lactate or pyruvate were increased. Average path velocity for the lactate media showed a clear dose-dependent response. Velocity was greatest in 19.8 LAC, decreased with 5.5 LAC, and was lowest in 0.25 LAC (87 6 9 lm/sec, 65 6 9 lm/sec, and 35 6 2 lm/ sec, respectively; P , 0.05). For pyruvate, 0.25 PYR had the lowest velocity (41 6 3 lm/sec; P , 0.05) and 5.5 PYR and 19.8 PYR had equally greater velocity (71 6 8 lm/sec and 79 6 8 lm/sec). ROS production was highest in both 0.25 LAC and 0.25 PYR (84 6 2% and 71 6 4%; P , 0.05; Fig. 5 ). Sperm in 5.5 LAC had significantly greater ROS production than that found in 19.8 LAC, which had the lowest levels (21 6 8% vs. 9 6 2%; P , 0.05). Sperm in 5.5 PYR had greater average ROS levels than sperm in 19.8 PYR, although this was not significant (27 6 7% vs. 14 6 3%).
Basal oxygen consumption at 60 min had a dose-dependent response in all media (Fig. 6) . MITOX was highest for sperm in 19.8 LAC compared to 5.5 LAC and, finally, 0.25 LAC (P , 0.05). Basal MITOX was also highest in 19.8 PYR, but levels were not significantly greater than in 5.5 PYR. Sperm in 0.25 PYR had the lowest basal levels in the pyruvate media (P , 0.05). The same patterns that existed for basal MITOX levels were also observed for maximal oxygen consumption levels in all media, achieved by FCCP treatment. Oxygen consumption decreased with addition of oligomycin and returned to close to basal levels with subsequent addition of FCCP (Fig. 7) . This trend was observed for all media, with the exception of 0.25 PYR and 0.25 LAC, which did not have observable FCCP stimulation or oligomycin inhibition.
DISCUSSION
Lactate and Pyruvate Are Most Important for Sperm Motility and Mitochondrial Function
We conclude from our results that pyruvate and lactate are both primarily utilized for OXPHOS within the sperm mitochondria, as demonstrated by the large increase in oxygen consumption in media containing these substrates. This finding is supported by the current literature that indicates OXPHOS as the primary source of ATP production for sperm function and motility in stallion sperm [4] [5] [6] . It is well known that the metabolism rates of pyruvate and lactate are strictly correlated. Metabolism of these substrates can either progress with lactate dehydrogenase reduction of pyruvate to lactate, which regenerates NAD þ for progress of glycolysis, or the reverse reaction, which generates pyruvate that is incorporated into the Krebs cycle for progression of OXPHOS [32] . We confirm that the latter pathway is favored in stallion sperm, resulting in the shuttling of exogenous pyruvate and lactate into the mitochondria, where lactate is converted to pyruvate and pyruvate is further catabolized in the Krebs cycle. Furthermore, it is known in humans that an isoform of lactate dehydrogenase, LDH-X, is present in the mitochondrial matrix of sperm, allowing for the conversion of lactate to pyruvate within the mitochondria [33, 34] . It has also been recently observed through mass spectrometry that equine sperm contain the lactate dehydrogenase isoform, LDH-C, likely within the mitochondrial matrix, allowing for efficient use of respiratory substrates for motility and mitochondrial functionality [35] .
Although lactate-and pyruvate-rich media had the highest basal levels of sperm MITOX, motility was lower in pyruvate media (5.5 mM) than in lactate media (5.5 mM) in our initial experiment. This is thought to be due to the rapid metabolism of pyruvate within the mitochondria, and thus the time sensitivity of the assay. A study using mouse sperm followed utilization of pyruvate by nuclear magnetic resonance spectrophotometry (NMR) and revealed that, in media with 6 mM pyruvate, all pyruvate was consumed within 1 h [36] . While murine sperm bioenergetics favor glycolysis for ATP production, it would be expected that, in comparison, stallion sperm would utilize pyruvate at a faster rate. This shuttling of pyruvate for OXPHOS would lead to an exhaustion of the energy pool within the media, resulting in decreased motility and function.
Further investigation of lactate and pyruvate utilization by stallion sperm revealed a dose response of increasing mitochondrial function with increasing substrate concentrations. This response was observed, although not statistically significant, for all concentrations. Interestingly, a decrease in oxygen consumption was seen between 60 and 90 min of incubation for sperm in media containing 5.5 PYR and treated with FCCP (Fig. 7) . This further supports the notion that pyruvate metabolism occurs very quickly within stallion sperm mitochondria, leading to sperm demise if not added in sufficient concentrations.
Although sperm in the lactate and pyruvate media had high basal and FCCP-inducible oxygen consumption, they did not have a large spare respiratory capacity (i.e., the difference between basal and maximal oxygen consumption that repre- 
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sents the amount of extra ATP that can be produced in case of a sudden increase in energy demand) [37] . As such, we investigated if the high levels of oxygen consumption were due to an uncoupled mitochondrial membrane or membrane damage. It was evident after treatment with oligomycin and subsequent treatment with FCCP that uncoupling had not occurred and membrane integrity was intact. If oligomycin was unable to suppress oxygen consumption, we would suspect that the inner mitochondrial membrane was already at an uncoupled state. This phenomenon has been reported in boar sperm, which do not undergo changes in the pattern of oxygen consumption or mitochondrial chain respiratory activity after oligomycin treatment [38] . The majority of ATP production in the boar is glycolytic, and it is believed that their mitochondria remain uncoupled until the induction of acrosomal exocytosis [38, 39] . In our case, an increase in oxygen consumption after subsequent addition of FCCP indicated that respiration remained coupled in these media and the build-up of the proton gradient was able to be released, restoring oxygen consumption. The decrease in spare respiratory capacity was due to substrate availability as well as intense mitochondrial activity in these media. It is clear from these experiments that exogenous lactate and pyruvate play a vital role in sperm mitochondrial functionality and motility in a dose-dependent manner.
Metabolic Flexibility Allows Glycolytic Breakdown of Glucose to Fuel OXPHOS
Media containing only glucose were not able to maintain sperm motility and MITOX at the same high levels as substrates directly contributing to the Krebs cycle. In order for glucose to be utilized by sperm, it must first undergo uptake by membrane glucose transporters (GLUTs) that regulate glycolytic flux. GLUTs 1, 2, 3, and 5 have all been identified in stallion sperm [40, 41] . Subsequently, glucose must undergo hexose phosphorylation prior to introduction into the sperm metabolism system, then the process of glycolysis resumes, and/or pyruvate can enter the mitochondria and undergo OXPHOS. Our data indicate that glycolytic breakdown of glucose in the flagellum supplies pyruvate for mitochondrial ATP production, which is supported by detection of MITOX. If equine sperm favored glycolytic metabolism, the EmbdenMeyerhoff pathway would resume with pyruvate reduction to L-lactate, supplying NAD þ for the continuation of glycolysis, as seen in human sperm [16] . If this were the case, detection of oxygen consumption would be scarce. It is important to note that these pathways are not exclusive and a level of versatility exists, allowing sperm to utilize, although not always maximally, the substrates that are available in the media or in the female tract. Therefore, we demonstrate that glucose alone is sufficient for sperm motility, due to subsequent breakdown to pyruvate through glycolysis, when OXPHOS substrates are not present in the media. This pathway comes with a tradeoff of having decreased mitochondrial functionality, likely due to lower concentrations of pyruvate being shuttled to the mitochondria.
It has been suggested that glycolytic ATP production in equine sperm is necessary only to maintain high sperm velocity [5] . Perhaps glycolysis specifically supports velocity due to the close association of glycolytic enzymes attached to the fibrous sheath of the principle piece of the flagellum [3] . Their locality to the dynein ATPases allows for rapid consumption of ATP and support of motility [42] . As OXPHOS is 15 times more efficient in producing ATP, and motility is not harmed in the horse when glycolysis is inhibited as it is in species such as mouse and human, this supportive role of glycolysis seems likely [3, 43] .
This notion was further supported when we observed that added glucose (67 mM) did not improve velocity over the base 
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þþþ solution, even having a slight, negative impact on mitochondrial function. The decrease in mitochondrial activity with added glucose has been explained by the Crabtree effect in mouse sperm [44] . This occurs when high glucose concentrations in aerobic conditions cause sperm to favor the fermentation pathway, decreasing the need for OXPHOS production of ATP, which subsequently leads to decreases in oxygen consumption. In our case, it appears likely that the decrease in oxygen consumption was due to accelerated glycolysis in the high-glucose media. High-glucose extenders are very commonly used commercially, and it is interesting that they may actually be suppressing mitochondrial ATP production. On the other hand, slowing mitochondrial metabolism is the fundamental principle of chilling and cryopreserving sperm, which is ultimately the purpose for using these extenders. Further studies are necessary to explore this facet of sperm metabolism and what effect varying levels of mitochondrial metabolism may have on downstream sperm functions.
ROS Can Be Both Pathologic and a Biomarker of Intense Mitochondrial Activity
Pathologic levels of ROS production were observed for sperm incubated in media without energy substrates. Because metabolizable substrates were not present, movement of protons through ATP synthase likely ceased, causing a buildup of the proton gradient and slowing of the electron flow. The slowed electron flow would cause the respiratory chain to become more reduced, resulting in an increase in the physiological steady-state concentration of superoxide formation [45] . Similar high levels of ROS were observed with media containing very low levels of substrate (0.25 mM lactate and 0.25 mM pyruvate), which likely produced ROS though the same mechanism after the pool of available substrate was exhausted. Others have also reported increased ROS production in human sperm incubated with nonmetabolizable substrate (L-glucose) [12] . The proposed mechanism of ROS production described is also what occurs with addition of the ATP-synthase inhibitor, oligomycin, as discussed previously. It is also possible that ROS generated were nonmitochondrial in . Mitochondrial effector drugs, FCCP (1 lM) and oligomycin (1 lM), were added after 30-min incubation (378C, 5% CO 2 ), and subsequent measurements were taken every 10 min until 60 min, with a final measurement at 90 min. FCCP was added to the wells treated with oligomycin after the 60-min reading.
LACTATE AND PYRUVATE SUPPORT SPERM FUNCTION origin, for example, resulting from plasma membrane NADPH oxidases, which are present in mammalian sperm, but for which the exact mechanism of ROS production has not been described [18, 46] . Further studies are needed to determine the exact mechanism and source of ROS production in lowconcentration or substrate-depleted media.
In both ROS experiments, sperm in 5.5 LAC and 5.5 PYR media had high ROS levels that increased with the high levels of mitochondrial activity. A recent study in stallion sperm incubated in a modified BWW with 10 mM pyruvate concentration demonstrated an increase in motility, but also an increase in ROS, suggesting a metabolic role of the pyruvate supplementation [47] . We have demonstrated the mechanism by which pyruvate supplementation leads to increased ROS through mitochondrial leakage due to intense mitochondrial activity. Interestingly, ROS production was slightly lower in the 19.8 LAC and 19.8 PYR media, despite the slight (although not significant) increase in MITOX, indicating that this process is not substrate limited as long as a threshold concentration has been achieved. Sperm in the BWW þþþ and BWW with added glucose (67 mM) had the lowest ROS levels, mirroring the decreased mitochondrial activity and increased glycolytic activity of sperm in these media.
In conclusion, different substrates and substrate concentrations can effectively support sperm motility, but allow mitochondria to operate at different levels. Because sperm are terminal cells and their primary cellular function is to deliver paternal DNA to the oocyte upon fertilization, it is not surprising that they have a versatile metabolic strategy to maintain motility depending on the substrates available. Controlling sperm metabolism with the media may be a technique to better preserve, as well as increase, sperm function prior to insemination. Washing and incubating sperm in a medium containing only pyruvate or lactate may be beneficial to ramp up sperm mitochondrial function in samples that have been previously chilled or frozen. It would also be interesting to test whether other mitochondrial substrates, such as succinates and malate, which enter the Krebs cycle at different points, or L-carnitine, which plays a role in fatty acid oxidation, also increase mitochondrial function. This could have further implications in the energy source that should optimally be included in commercial semen extenders. Further studies are also needed to determine if increased oxygen consumption of stallion spermatozoa is associated with increased fertility, but it is likely that increasing mitochondrial function would have positive impacts on subsequent fertilization.
